Expression profile analysis demonstrated that the expression of membrane-associated transporter protein (MATP) varied similarly to the melanogenic enzymes dopachrome tautomerase (DCT ) and tyrosinase related protein 1 (TYRP1) (Proc. Natl Acad. Sci. USA (2002) in press). Mutations in MATP result in pigmentation alterations in mice (underwhite, uw), in medaka (b-locus), and in man (Oculocutaneous Albinism Type 4, OCA4) (Nat. Genet. 28 (2001) 381; Am. J. Hum. Genet. 69 (2001) 981). Consistent with MATP acting in a pigment cell autonomous manner, in situ hybridization analysis demonstrated expression of murine Matp in the presumptive retinal pigmented epithelium starting at E9.5, and in neural crest-derived melanoblasts starting at E10.5. Matp expression is reduced in embryos mutated for microphthalmia-associated transcription factor
Results
Membrane-associated transporter protein (MATP) was originally identified as an antigen recognized by melanoma-reactive T-cells (called AIM-1), and shown to be expressed in melanoma cell lines and melanocytes by Northern blot analysis (Harada et al., 2001) . In microarray expression profile analysis of human melanoma cell lines, MATP showed a similar expression pattern to eight other genes involved in melanocyte development or disease (Loftus et al., 2002) . MATP contains 12 predicted transmembrane-spanning domains and shows homology to plant sucrose/proton symporters (Fukamachi et al., 2001; Newton et al., 2001) . Mutation of MATP causes the pigmentation mutant underwhite (uw) in mouse and OCA4 in humans (Newton et al., 2001) , and mutation of the medaka ortholog is responsible for melanophore and eye pigmentation defects at the b-locus (Fukamachi et al., 2001) .
To characterize the expression of Matp in murine development, a melanocyte derived cell line, melan-a (Bennett et al., 1987) , and melanoblasts derived from neural tube explant cultures were analyzed by in situ hybridization (ISH) for Matp. The expression pattern of Matp was compared to the expression pattern of a previously described pigmentation gene, Dct (Pavan and Tilghman, 1994; Steel et al., 1992) . Both melan-a cells and neural tube cultures contained cells which expressed Matp (Fig.  1A , B) and Dct (Fig. 1C) . In neural tube cultures, Matppositive cells were seen near the neural tube (Fig. 1B) , in the same region as pigmenting cells and Dct-positive cells (melanoblasts) (Fig. 1C) .
The in vivo expression pattern of Matp at E9.5-E11.5 also had a similar distribution to Dct-positive cells (Steel et al., 1992) , consistent with Matp expression in pigment cell precursors. Matp expression was seen at E9.5 at the dorsal edge of the optic vesicle, the presumptive retinal pigmented epithelium (RPE) ( Fig. 2A) . At E10.5, Matp expression continued in the presumptive RPE and was also seen in rostral, neural crest-derived melanoblasts (Fig. 2B) . Matp expression continued in the RPE at E11.5, and melanoblast expression was seen throughout the embryo (Fig. 2C) . Matp expression was examined in Mitf mi /Mitf mi embryos, which lack melanoblasts due to mutation of Mitf (Hodgkinson et al., 1993; Hughes et al., 1993; Opdecamp et al., 1997; Hornyak et al., 2001) . No Matp expression was observed in regions normally occupied by neural crest-derived melanoblasts at E11.5 (Fig. 3A , C) consistent with Matp expression occurring in melanoblasts of wild-type embryos.
Matp and Dct did not show identical expression patterns at all developmental stages. In the head and tail region at E13.5, Matp-positive melanoblasts were fewer in number and lighter than Dct-positive cells, and Matp-positive melanoblasts were not observed in the trunk region where Dctpositive cells persist ( Fig. 2E-H) . Also, Matp showed expression at the roof of the midbrain/hindbrain boundary at E9.5 and E10.5 (Fig. 4) , while Dct is found in the forebrain (Steel et al., 1992) .
Tyrosinase (Tyr) and Tyrp1, transcriptional targets of Mitf, demonstrate aberrant expression in the RPE of Mitf mutant embryos (Bentley et al., 1994; Yasumoto et al., 1997) . Matp expression in the RPE was severely downregulated in Mitf mi /Mitf mi embryos (Fig. 3C ), similar to Tyr and Tyrp1. Therefore normal Mitf function is required for Matp expression. This result is supported by experiments where transient transfection of MITF into human SKMEL5 melanoma cells increased MATP transcript levels, while dominant-negative MITF decreased transcript levels (Du and Fisher, 2002) . RPE expression of Matp differs from (E-F) By E13.5, Matp expression in melanoblasts is much weaker, is missing from the trunk ((E), inset), and can only be seen caudal to the hindlimb ((E), lateral view) and around the eye (F). RPE expression of Matp at E13.5 is maintained (F). (G-H) In contrast, Dct expression in melanoblasts is maintained at high levels at E13.5 along the length of the embryo (G), as well as in the RPE (H). All embryos are albino, hence signal in eye is due to probe hybridization rather than pigment. Probes: antisense Matp in (A-C,E,F); antisense Dct in (D,G,H). Matp sense control probe hybridization showed no signal (data not shown). Scale bars ¼ 0.2 mm for panels (A,B,F,H); 1 mm for panels (C,D); 0.4 mm for panels (E,G). that of Dct which shows little reduction in expression (Fig.  3D) (Nakayama et al., 1998) .
In summary, Matp is expressed in pigment cell precursors during embryonic development. Matp expression is similar to Tyr and Tyrp1, demonstrating Mitf-dependent RPE expression. Unlike Tyr and Tyrp1 but similar to Dct, Matp is expressed in early neural crest-derived melanoblasts.
Comparison of promoter elements of these distinct classes of genes will shed light on the transcriptional hierarchy regulating pigment cell development. Matp also provides a new marker of the migratory melanoblast population, which previously could only be identified by Dct, Mitf and Kit expression.
Materials and methods
Neural tube explants containing neural crest cells were dissected and cultured for 10-14 days as described (Hou et al., 2000) . Melan-a cells were cultured as described (Loftus et al., 2002) . Slide ISH on neural crest cultures and on Melan-a cells was performed as described (Millis et al., 2001) .
Timed matings were used to obtain staged mouse embryos, and E0.5 was designated as noon of the day of vaginal plug formation. Whole mount ISH was performed using FVB/NJ embryos (Jackson Laboratory, Bar Harbor, ME) or Mitf 1 /Mitf 1 and Mitf mi /Mitf mi embryos generated from B6C3Fe-a/a-Mitf mi heterozygotes. Probe synthesis and whole mount ISH was performed as described (Loftus et al., 2002) .
Genotyping was performed by sequencing polymerase chain reaction (PCR) products amplified from yolk sac genomic DNA. PCR primers were designed to intronic sequence flanking exon 7 of Mitf, which contains a 3 base pair deletion in the Mitf mi mutant allele (Hodgkinson et al., 1993 
